Previous studies revealed that females of a cave form of the livebearing fish Poecilia mexicana (cave molly) have maintained the ancestral visual preference for large males, but -as an adaptation to life in darkness -they have evolved the novel capability to assess male size non-visually. Here we examined the mechanisms by which non-visual mate choice for large body size occurs. Are sex-and species-specific chemical cues involved in this preference for large conspecifics? We gave focal females an opportunity to associate with a large and a small stimulus fish in simultaneous choice tests, whereby the females could perceive either multiple cues (visual plus non-visual) from the stimulus fish, solely non-visual cues in darkness, or solely visual cues. Stimulus fish were two conspecific males, conspecific females, or heterospecific females (Xiphophorus hellerii). Cave molly females showed a significant preference for large conspecific males and for large conspecific females in all treatments. When a large and a small swordtail female were presented, cave molly females showed a preference for the larger fish only when exclusively visual cues from the stimulus fish were available. The non-visual preference for large body size appears to be mediated by species-but not by sex-specific cues, suggesting that species-specific chemical cues play an important role during mate choice.
Introduction
Animals colonising lightless caves provide a unique opportunity to examine how mate choice behaviour evolves in relation to changed sensory environments. Cave animals typically have evolved from surface-dwelling ancestors (Parzefall, 1993a) . This situation allows examining if and how formerly visually mediated mating preferences (representing the ancestral state) evolve in the permanent absence of light. The cave form of the livebearing fish Poecilia mexicana, the cave molly, from a sulphidic southern Mexican limestone cave has been established as a model to study the evolution of non-visual mating preferences accompanying the breakdown of visual communication (Plath et al., 2004 (Plath et al., , 2005a .
One male trait that is commonly preferred by females is large body size (Ryan & Keddy-Hector, 1992; Andersson, 1994) . This female mate choice for large males is especially well documented in livebearing fishes (Poeciliidae; e.g., Poecilia latipinna: Marler & Ryan, 1997; Ptacek & Travis, 1997; McLaren & Rowland, 2006; Heterandria formosa: Aspbury & Basolo, 2002 ; Brachyrhaphis rhabdophora : Basolo, 2004 ; swordtails, Xiphophorus spp.: Ryan & Wagner, 1987; Rosenthal & Evans, 1998 ). When we examined female mate choice for large male size in P. mexicana we found surfacedwelling females to prefer to associate with the larger male when visual cues from the males were accessible, but not when only non-visual cues could be perceived (Plath et al., 2004) . Cave molly females have maintained this visual preference; in addition, they seem to have evolved the novel capability to determine male size on the basis of non-visual cues and, thus, prefer large males even in darkness (Plath et al., 2004) . Apparently, a sensory shift has occurred, whereby the formerly visually mediated mating preference has been maintained during evolution in the lightless habitat, but the kind of cues triggering mate choice behaviour under natural conditions has changed from visual to non-visual. We have hypothesised that the mechano-sensory lateral line system is involved in detecting the size of potential mates in cave molly females, because different-sized males likely produce different water pressure-wave patterns (Plath et al., 2004) .
Typically, mate choice includes (1) the identification of a conspecific individual, (2) the recognition of the sex of the potential mating partner and (3) the recognition (and discrimination in favour) of specific characters like ornaments and/or behavioural patterns (Ryan & Rand, 1993; Sherman et al., 1997) . The relative importance of these three aspects co-varies with environmental conditions; for example, the relative importance of the species recognition component of mate choice depends on the presence, absence and/or relative abundance of congeneric heterospecific species (Kodric-Brown & Strecker, 2001; Magurran & Ramnarine, 2004 . In our study system, surface-dwelling P. mexicana occur in species-rich fish communities, but heterospecific fishes are lacking in the cave . What are the mechanisms by which non-visual mate choice for large body size occurs in cave molly females? Are sex-and species-specific chemical cues involved in this preference for large conspecifics? Since heterospecific fishes were absent during evolution into a cavefish, species-specific cues may, for example, play a subordinate role and, thus, differences in water pressure-wave patterns between any larger and smaller fish may be the sole basis for this preference. To answer these questions we designed a choice experiment presenting cave molly females with two different-sized heterospecific fish (experiment A). We also examined if sex-specific cues play a role by presenting different-sized stimulus fish of the same sex (experiment B); finally, we included and re-analysed data from a previously published experiment in which cave molly females were presented with two conspecific males (Plath et al., 2004; experiment C) . In all three experiments we allowed the perception of either multiple cues (visual plus non-visual; treatment (i)), only non-visual cues in darkness (treatment (ii)), or visual cues only (treatment (iii)). This enabled us to estimate the relative influences of visual vs. non-visual cues on female choice decisions.
Methods

Study organism and fish maintenance
Cave mollies were collected in the innermost cave chamber XIII of the Cueva del Azufre (17 • 26.5 N, 92
• 46.5 W; Gordon & Rosen, 1962) . Unlike many other cave fishes which lack functional eyes (Weber et al., 1998) , the cave molly possesses functional, but slightly reduced eyes (Plath et al., 2007a) . As is typical for many poeciliids, males in surface-and cave-dwelling P. mexicana populations show a wide range in adult male body size (Plath et al., 2003a) , opening the field for female choice based on differences in male body size. Furthermore, P. mexicana males show no courtship behaviour, so male displays are no potential source of sex identification (Plath et al., 2007b) .
Surface-dwelling P. mexicana occur in complex fish communities; for example, in the non-sulphidic affluents to the sulphur creek draining the cave (El Azufre), two other poeciliid fishes occur: green swordtails, Xiphophorus hellerii and Heterandria bimaculata. At least two additional poeciliid species can be found in adjacent, non-sulphidic waters (Heterophallus milleri and Priapella sp.; Tobler et al., 2006) . Inside the Cueva del Azufre, several springs discharge water that is rich in hydrogen sulphide. Due to the oxidation of sulphide to elemental sulphur and sulphate, the oxygen content is low. The toxic nature of hydrogen sulphide combined with hypoxia seems to allow only one species of fish, P. mexicana, to survive . The green swordtails (X. hellerii) used as heterospecific stimulus fish originated from Cordoba (Veracruz, Mexico). X. hellerii females are similar in shape to P. mexicana, but differ in colouration, and probably in the kind of chemical cues released into the water.
In typical river habitats, P. mexicana form shoals. Consequently, association preferences for large conspecifics may be related to shoaling rather than a sexual preference in the surface form. In contrast, cave mollies have strikingly reduced shoaling behaviour (Parzefall, 1993b) . Cave mollies also show almost no aggression (Parzefall, 2001) , and it seems that in the wild social interactions among cave mollies are almost exclusively sexual encounters (Plath et al., 2005b) .
Fishes were maintained as randomly outbred large aquarium stocks comprising both sexes in several 100-200 l aquaria at 25-30
• C under a 16/8 h light/dark cycle. All test fish were born in the laboratory such that none of the test fish had experienced heterospecific fishes prior to the choice tests. All cave molly females used in the preference tests were familiar with light, and such light-reared cave molly females readily show mating preferences when transferred into the dark (Plath et al., 2004) . Fish were fed twice a day ad libitum amounts of commercially available flake and tablet food, live Artemia nauplii, Daphnia and Tubifex worms. All test females had prior sexual experience and were probably pregnant when tested. Prior to testing, focal females were isolated from males in small aquaria (25-50 l) for four days to standardise motivations.
Choice tests
Stimulus fish were taken directly from their respective stock tanks before the tests and were exchanged between the trials. In experiment A we presented a large (mean ± SD standard length 42.5 ± 8.7 mm) vs. a small (30.9 ± 5.0 mm) X. hellerii female (mean size difference 11.6 ± 5.1 mm). Because X. hellerii are slightly larger than P. mexicana, the absolute size of the swordtails used as stimulus fish was slightly larger than that of the conspecific stimulus fish; however, the size difference between the large and the small stimulus fish was kept approximately equal throughout experiments. In experiment B a large (37.7 ± 3.1 mm) and a small (25.8 ± 4.1 mm) conspecific female were presented (mean size difference 11.9 ± 4.5 mm). In experiment C the stimulus fish were a large (37.6 ± 1.4 mm) vs. a small (28.1 ± 1.0 mm) conspecific male (mean size difference 10.0 ± 1.8 mm); data from this experiment were taken from a previously published study (Plath et al., 2004) . In total, we report the novel results from N = 81 trials (experiment A, N = 14, 15 and 13 in treatments (i), (ii) and (iii), respectively; experiment B, N = 14, 12 and 13) and we re-analysed N = 60 trials (N = 20 per treatment) from the previously published study (Plath et al., 2004) to allow for a comparison among experiments and treatments (see below). A standard test aquarium (100 × 35 × 35 cm) was filled to two thirds with aged tap water of 28-30
• C. Three sides were pasted up with black foil and the ground was covered by black gravel. Two vertical lines on the front marked two lateral preference zones and an equally sized central neutral zone. We placed a cylinder (12 cm in diameter) in the centre of each preference zone to hold one stimulus fish each, in a way that the focal female could swim around the cylinders. We used wire-mesh cylinders (wire diameter 1 mm, mesh-width 5 mm) or clear Plexiglas cylinders, according to the treatment (see below).
The focal females were tested in one of the following three treatments: (i) In the 'all cues treatment' the stimulus fish were confined to wire mesh cylinders in light, allowing an exchange of visual and non-visual cues, though preventing unrestricted physical contact between the fish. (ii) In the 'non-visual cues treatment' we used the same type of cylinders, but the trials were carried out in darkness. Hence, the focal females could perceive only non-visual cues. (iii) In the 'visual cues only' treatment the stimulus fish were confined in transparent Plexiglas cylinders under visible light. During treatments (i) and (iii), the aquarium was illuminated by a 40-W fluorescent tube 28 cm above the test tank, and the observer was sitting quietly about two meters in front of the aquarium. For treatment ii two 500-W infrared bulbs (λ > 800 nm) were used instead, since P. mexicana does not perceive infrared light visually (Körner et al., 2006) ; trials were recorded by an infrared-sensitive camera and the video signal was transferred to a monitor in a neighbouring room and scored directly (Plath et al., 2004 (Plath et al., , 2005a .
Before each trial, two stimulus fish were introduced into the cylinders and were left undisturbed for a settling phase of 5 min. Then, a focal female of intermediate size (34.4 ± 4.4 mm) was gently introduced into the middle compartment. Measurement started when the female began to swim freely (usually after 2-5 min), i.e., did not show signs of distress (i.e., 'freezing' or enhanced gill ventilation, etc.). We measured the time the focal female spent in each of the two preference zones during a ten-minute observation period. To detect side biases, the two stimulus fish were then gently interchanged between the two preference zones and measurement of association times was repeated after a second acclimation period. Each female was tested only once.
Statistical analysis
We summed the times near each of the two stimulus fish during both parts of a trial. We decided a priori to discard trials in which the females spent less than 50% of the total time in the outer compartments due to low response; trials in which the females spent more than 80% of their choice time during both parts of the experiment in the same compartment were additionally discarded due to side bias (Plath et al., 2004) . This led to six trials being discarded due to side-bias (experiment B: one in treatment (i), two in treatment (ii); exp. C: three in treatment (i)), while no incidence of low response was detected.
We compared the time near the large and small stimulus fish within each of the nine test series using paired t-tests. For a statistical analysis among experiments and treatments, we calculated the relative time near the large stimulus fish (time near large fish/(time near large fish + time near small fish)) for each trial. Percentages were arcsine-transformed and were compared using 'experiment' as between factor and 'treatment' as a within factor for a two-way ANOVA. All p-values are two-tailed.
Results
Pair-wise comparisons of female association times
When a large and a small heterospecific female were presented (experiment A), cave molly females showed a preference only in the visual cues (treatment (iii)), whereas no preference was found in the other treatments (Table 1; Figure 1a) . In experiment B, cave molly females preferred the larger over the smaller conspecific female throughout treatments. They also spent significantly more time near the larger male in all treatments (experiment C; Table 1 ; Figure 1b ,c).
Comparison between experiments and treatments
The interaction term 'experiment' × 'treatment' had a significant effect on female preferences (Table 2) , suggesting different responses across experiments (i.e., different kinds of stimulus fish) and light treatments.
Given that the interaction term was significant in the ANOVA, main effects are discussed with caution. Overall, the kind of stimulus fish presented had a marginally non-significant influence on female preferences (Table 2) , Table 1 . Pair-wise comparisons of female association times near the larger and the smaller stimulus fish during the three experiments: (exp. A) heterospecific swordtail females, (exp. B) conspecific females, and (exp. C) conspecific males as stimulus fish. The stimulus pair was presented (i) behind a wire-mesh grid under illumination with visible light (all cues treatment), (ii) using the same mode of presentation in darkness (non-visual cues treatment) or (iii) in clear Plexiglas cylinders under visible light (visual cues treatment). Shown are the results from two-tailed paired t-tests. p-values in bold indicate significant differences. while the kind of treatment had a significant effect on the relative time females spent associating with the larger of the two stimulus fish (Table 2 ; Figure 1) . A post hoc test showed that the response of females was significantly stronger in the all cues treatment (i) than in the non-visual cues treatment ((ii); Fisher's PLSD: p = 0.020). The strongest response was found in the visual cues only treatment (iii), which differed significantly from both other treatments ((i): p = 0.0033; (ii): p < 0.0001).
Discussion
Heterospecific fishes had been present in the evolutionary history of the surface-dwelling ancestor of the cave molly, but were absent during their evolution into a cave organism. Therefore, we predicted cave molly females to prefer the larger stimulus fish regardless of species identity. Our results during the visual cues only treatment are congruent with our prediction: since cave molly females have retained the response to visual cues related to body size (Plath et al., 2004) , any silhouette of a larger fish will be preferred over a smaller one. It is worth mentioning though, that this experimental situation does not reflect the conditions cave mollies encounter in their naturally dark habitat, where visual communication is impossible. In a previous study we examined species recognition in this system: when surface-dwelling P. mexicana females could choose between a conspecific and an equal-sized X. helerii female, they preferred the conspecific female . In contrast, cave-dwelling females showed no preference, suggesting that species-specific (chemical) cues are either not detected by cave molly females, or association preferences are not based upon this kind of information . This supported the prediction that cave molly females would prefer the larger of two swordtail females presented as stimulus fish even in the non-visual cues treatment. Contrary to our prediction cave molly females showed no preference for the larger swordtail when non-visual cues could be perceived, suggesting that species-specific non-visual cues are a necessary prerequisite for the expression of female mating preferences under naturally dark conditions. A preliminary study on chemical communication in this species found no discrimination by P. mexicana males between water in which females had been kept and untreated water (Wenzel, 1997) . Therefore, we previously argued that chemical communication plays a role only during direct body contact in cave mollies, i.e., when males touch the female gonopore (Parzefall, 2001; see below) . Furthermore, we argued that the female preference for large male body size is triggered by mechano-sensory (water pressure-wave) cues only, which are detected by the lateral line system (Plath et al., 2004) . The results from the present study, however, provide evidence for the existence of species-specific non-visual cues, and water-soluble chemical cues are the most likely candidates. Chemical communication is known from a variety of other poeciliids including swordtails (e.g., Wong et al., 2005; Fisher & Rosenthal, 2006) and guppies (Poecilia reticulata: e.g., Shohet & Watt, 2003) . The ability to assess the size of conspecifics by using water-soluble chemical cues is known from other aquatic animals as well, e.g., pond turtles (Emys orbicularis; Poschadel et al., 2006) . Other forms of non-visual communication, such as acoustical or electrical communication are not described for poeciliids.
In our previous studies on sex recognition, we gave focal females or focal males a choice between a female or a male, while physical contact between the test fish was prevented (Plath et al., 2001 (Plath et al., , 2003b . These studies revealed that even cave-dwelling P. mexicana cannot discriminate between the sexes on the sole basis of non-visual cues. Sex identification was observed only in light, when both visual and non-visual cues were presented (see treatment (i)). On the other hand, when physical interactions between mollies are possible, P. mexicana males can recognise females even in darkness, and gustatory information seems to enable sex identification (Parzefall, 2001) . Cave molly females possess an enlarged 'genital pad', which is rich in gland cells and probably secretes chemical cues that are gustatorily sensed by males during nipping behaviour (Parzefall, 2001) . The number of cephalic taste buds is increased in the cave molly as compared to the surface form, which probably improves the perception of these cues (Parzefall, 2001) .
Given that sex recognition without body contact is possible only when visual plus non-visual cues are available, it can be argued that the cave molly females showed a preference for the larger female in treatments (ii) and (iii), because they did not recognise the sex of the stimulus fish. However, this line of argumentation cannot explain why cave molly females also preferred the larger female in treatment (i) (all cues treatment), in which they did discriminate between the sexes in another study (Plath et al., 2001) . Could the observed preference be explained by size-specific shoaling behaviour? Indeed, surface-dwelling poeciliid females benefit from associating with large females: firstly, it has been demonstrated that surface-dwelling female mosquitofish (Gambusia holbrooki) have a general advantage from shoaling with conspecific females because they can escape from male sexual harassment (Dadda et al., 2005) . Second, female mosquitofish prefer to associate with larger females when being harassed by a male (Agrillo et al., 2006) , probably because males prefer to mate with larger females (Poecilia reticulata: Herdman et al., 2004; P. mexicana: Plath et al., 2006) , such that male harassment will be 'diluted' in shoals of large females (Agrillo et al., 2006) . In the case of the cave molly, however, male sexual activity is very low, probably due to the sulphidic and energy-limited environment selecting for reducing energetically demanding behaviours (Plath et al., 2003a (Plath et al., , 2007b . We, therefore, propose that benefits of female mate choice relative to the size of males have selected cave molly females to prefer to associate with any larger conspecific. As mating is typically initiated by males, and only males would try to approach females at close range and attempt to touch their gonopore (Parzefall, 2001; Plath et al., 2003a Plath et al., , 2007b , females indirectly obtain information regarding the sex of neighbouring fish even under naturally dark conditions. However, if a female cave molly attempts to choose large males as mating partners, she needs to flee from small males approaching her before she obtains this indirect sex-specific information. It must be mentioned though that association preferences in our set-up could still reflect non-sexually motivated social preferences due to some as yet unknown advantage of associating with larger conspecifics (see Gabor, 1999) ; for example, foraging efficiency may be higher in the presence of larger, more experienced fish (see Dugatkin & Wilson, 1992) .
In summary, the non-visual preference for large body size of cave molly females appears to be mediated by species-but not by sex-specific cues.
Future studies attempting to disentangle the relative importance of mechanosensory and chemical cues for non-visual mate choice in cave mollies appear highly warranted.
